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Abstract 
A new ultrahigh speed micro-spindle was used for micro-milling and micro-grinding at speeds greater than 300,000 
rpm. Micro-milling was performed on an aluminium alloy with micro-end-mills ranging in diameter from 50 to 300 
µm.  The dimensional accuracy of straight cuts made at different speeds, feed rates and depths of cut was measured. 
The edge quality improved and burr formation tendency decreased as surface speed and feed rate were increased. 
Micro-grinding was performed with diamond tools on ceramics used for preparation of dental restorations.  The 
propensity for generation of machining-related damage, such as surface and subsurface microcracks, were greatly 
reduced by machining at ultrahigh speeds and high feed rates.  Major advantage of ultrahigh speed machining is the 
improvement of surface integrity with respect to generation of burr-free and damage-free micro-machined parts. 
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1. Introduction 
Industries such as defense, medical and telecommunication require the manufacturing of small-sized 
precision components with miniaturized features.  These parts are mostly fabricated with silicon 
technology.  The micromachining technology using small micro-tools with large scale machines or with 
small desk-top machine tools is advancing rapidly. However, for efficient material removal and fast 
production rates, the speed at the cutting point should be comparable to the speeds achieved in macro-
machining. Several micromachine tools have been used for mechanical micromachining at rotational 
speeds ranging from 7,500 rpm [1] to 80,000 rpm [2]; and in some studies, up to 150,000 rpm [3-5].  The 
small micro-tools (50 µm to 500 µm diameter) used in micro-milling limit the surface speeds achieved at 
the cutting point. Although with larger diameter tools at the highest spindle speeds cutting speeds increase 
up to 4 m/s, the cutting speed with the smaller 50 µm tools is limited to 0.4 m/s. This low cutting speed at 
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the tool tip is much smaller than the speeds required for efficient cutting. For example, in macro-milling 
of aluminum alloys the recommended speed is on the order of 1-3 m/s [6].  The low cutting speed limits 
the production rates, increases tool wear and tendency for burr formation, and limits the degree of 
dimensional tolerance and precision that can be achieved. 
In micromachining burr formation is an important issue as deburring is often impractical due to the 
required precision and tolerances [7].  Burr formation can be controlled by the tool geometry, cutting 
conditions (depth of cut, feed rate, and cutting speed), tool coatings, and lubrication condition.  Burr 
formation tendency at cutting speeds less than 1 m/s decreases with increasing feed rates [4].  The effect 
of cutting speed on burr formation has not been explicitly determined, although no effect has been 
observed at very low cutting speeds near 0.2 m/s [8]. The main purpose of the present paper is to evaluate 
the effect of cutting speed on surface integrity including burr formation in ultrahigh speed micro-milling 
of an aluminum alloy.   
Another important issue related to surface integrity of micromachined parts is the generation of 
damage-free (i.e., free of microcracks), especially in ceramics. Therefore, micro-grinding was performed 
on dental ceramics with diamond tools to evaluate the propensity for generation of machining-related 
damage, such as surface and subsurface microcracks. 
2. Experimental 
An ultrahigh speed air-driven spindle [9] was used for micro-milling and micro-grinding [10]. Since 
the desired ultrahigh operating speed (above 300,000 rpm) exceeds the capability of even hybrid ceramic 
rolling element bearings with liquid lubrication, two journal and two thrust foil bearings were used in the 
spindle.  An impulse-type air turbine was used to drive the rotor.  The rotor system without the cutting 
tool has been successfully tested up to 700,000 rpm [11].  
The fully assembled micro-spindle was attached to a 3-axis machine tool for testing and performance 
evaluation. The machine tool consisted of a 2-axis linear stage with a maximum feed rate of 750 mm/min 
in X and Y directions and a resolution of 20 nm. The micro-spindle was attached to an L-shaped holder 
designed to provide sufficient stiffness for micro-milling.  The vertical distance Z was manually adjusted 
with a micrometer to provide the desired axial depth of cut. A personal computer with Labview control 
software was used to control the X-Y motion of the stage.  A regulated 862 kPa house air was used to 
supply high-pressure air to the air turbine.  The pressure was regulated to achieve the desired rotational 
speeds for the cutting experiments.   
A series of parallel cuts in slot-milling configuration were made in a 6061-T6 aluminum alloy block 
fixed to the top surface of the X-Y stage using an axial depth of cut of about 10 µm. The feed rate was 
varied from 25 to 750 mm/min.  Micro-milling tests were performed with two-fluted micro-endmills with 
tip OD of 125 µm and 300 µm (TS Series, PMT Tools).  The initial cutting experiments were conducted 
without the use of cutting fluids.  Following the tests, the machined surface was first visually examined, 
and then viewed under higher magnifications with a stereo optical microscope.  
While the ultrahigh speed spindle achieved 450,000 rpm during machining, the spindle foil bearings 
required higher load capacity and stiffness to better accommodate the cutting forces and to reduce the 
dynamic run-out.  The entire spindle assembly and the foil bearings were redesigned.  The stiffness of foil 
bearings was increased through modifications of the bump geometry and foil thickness.  The new design 
provided a more robust spindle for micromachining.  
Micro-milling tests were performed with the new version of the micro-spindle attached to a micro-
milling machine located on a vibration isolation table [12].  The 4-axis milling machine has X, Y, Z 
travels of 250 mm, 125 mm and 200 mm, respectively.  The motion of the tool and the stage were 
controlled by the software provided with the machine tool that accepted standard G code programming.   
Micro-milling tests were performed with the new spindle on 6061-T6 aluminum alloy using two-
fluted carbide micro-end mills having three tool diameters of 50, 10 and 300 µm (TS Series, PMT Tools).  
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The dynamic response of the spindle was monitored during cutting. A small drop of Tool Cool, which is a 
synthetic coolant/lubricant was used during machining. A test matrix was developed for micro-milling 
with varying feed rates (13 – 190 mm/min), spindle speeds (150,000 – 350,000 rpm) and axial depths of 
cut (4 – 100 µm).  Slot milling was performed using the identified matrix of cutting conditions. The 
finished cuts were analyzed through microscopy to assess accuracy of the cuts and burr formation along 
the cut edges.   
For the ceramic grinding tests, two machinable dental ceramics (experimental DICOR MGC and 
commercial Mark II) were machined with straight cylindrical shaped diamond burs with 1.2 mm diameter 
(Di-Coat Corporation).  Five test bars of each material MGC-M (3x4x45 mm) and Mark II (3x4x28 mm) 
were machined on one side and the edges were chamfered following the ASTM test method 
recommendation [13].   Five flexure bars of each material were also tested as reference.  These bars were 
also chamfered along the edges of the test surface.  The reference samples for both materials were in the 
as processed (as received) condition.  
The micro-machining setup was used to grind one surface (4x28 mm or 4x45 mm) of each test bar at 
450,000 rpm.  The diamond grinding tool (54 µm mean particle diameter) was located in the vertical 
direction as the sample edge was transversed along the edge. Machining was performed in four steps. 
First the tool extended 1 mm below the top surface in the Z direction. A depth of cut of 5 µm (in the Y 
direction) and a feed rate of 20 mm/min (in the X direction) were used. The sample holding stage was 
programmed to automatically repeat each cut. Total of 20 passes were made only in the positive X 
direction. Following the first step in which 1 mm in the Z direction was removed, the tool was advanced 
down by another 1 mm and the previous cutting path was repeated. After a total four steps the entire 
surface was ground.  The purpose of the machining protocol was to remove a total of 100 µm.  
A universal testing machine was used at a slow cross-head speed of 0.5 mm/min.  A fully articulating 
10/20 fixture (10 mm inner span and 20 mm outer span) was used as recommended by the ASTM test 
method [13]. The machined surface was placed in tension and the load at which fracture occurred was 
recorded. The fracture stress values were calculated using the load and measured cross section of each 
bar. The fracture stress results were statistically evaluated using ANOVA.   
3. Results and Discussion 
The machined channels cut in the aluminum alloy at 450,000 rpm with the 125 µm and 300 µm 
micro-end-mills with varying feed rates were examined in the optical microscope. The cutting speed in 
these tests ranged from 3 m/s to 7 m/s depending on the tool size.  The straight cuts were achieved under 
all cutting conditions. Close examination of each cut indicated that the cuts made with the 300 µm tool 
were free of burrs, with the exception of slight burrs at the highest feed rate, Fig. 1. Burr formation during 
cutting with the 125 µm tool at both low and high feed rates is shown in Fig. 2.  Considerable burrs along 
(a) (b) (a) (b) 
Fig. 1.  Channels cut at 450,000 rpm (7 m/s, axial 
depth of cut of 10 µm) with the 300 µm micro-end-
mill at two different feed rates (a) 25 mm/min and 
(b) 750 mm/min. 
Fig. 2. Channels cut at 450,000 rpm (3 m/s, 
axial depth of cut of 10 µm) with the 125 µm 
micro-end-mill at two different feed rates (a) 
25 mm/min and (b) 750 mm/min. 
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the edges are observed for the smaller tool when high feed rates were used. The occurrence of burrs along 
the edges of the cuts made with the smaller tool is possibly due to heat buildup, and suggests the 
importance of thermal management in ultrahigh speed micro-milling.   
An array of squares was machined in the aluminum alloy with the re-designed spindle using the micro-
end mills with three different diameters. For the 300 µm end mill, the feed rate was 40 mm/min and the 
axial depth of cut was 62.5 µm. Four cuts were made to produce an approximate total depth of 200 µm.  
Micro-milling was performed at 150,000 rpm and 250,000 rpm (surface cutting speeds of 2.4 and 4.0 
m/s).  The best geometry and least burrs were formed when machining at 150,000 rpm, Fig. 3a, which is 
close to the recommended speed.  Higher speeds resulted in distorted geometry and burr formation due to 
rapid tool wear Fig. 3b.   
 
(a) (b) 
Fig. 3.  SEM of grid patterns cut with the 300 µm end mill (axial depth of cut = 62.5 µm, feed rate 
= 40 mm/min) at different cutting speeds: (a) 150,000 rpm (2.4 m/s) and (b) 250,000 (4.0 m/s). 
Similar square patterns were cut with the 100 µm end-mill at 150,000 rpm and 350,000 rpm (surface 
speeds of 0.8 and 1.9 m/s).  The depth of cut was 5 µm and feed rate was increased to 76 mm/min. A total 
depth of approximately 150 µm was achieved with thirty passes. The cut quality is improved as the speed 
is increased, Fig. 4.  A few small burrs are observed at the lower speeds, but cutting at 350,000 rpm, 
which is in the range of recommended surface speed for the aluminum alloy, has completely eliminated 
the burrs.  
(a) (b) 
Fig. 4. SEM of grid patterns cut with the 100 µm end mill (axial depth of cut = 5µm. feed rate = 76 
mm/min) at different cutting speeds: (a) 150,000 rpm (0.8 m/s) and (b) 350,000 rpm (1.9 m/s). 
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The square patterns machined with the 50 µm end-mill at 250,000 and 300,000 rpm (surface speeds of 
0.66 and 0.80 m/s) are shown in Fig. 3.  The axial depth of cut was 8 µm and feed rate was 40 mm/min.  
A total of fifteen passes were made to achieve an approximate channel height of 120 µm.  Note the 
formation of thin burrs along the edges, which is slightly worse at the higher speed. The cutting speed 
used in these tests is lower than the recommended surface speed for milling aluminum alloys with carbide 
tools which is 1.8-2.4 m/s. 
The channels shown in Fig. 5b and Fig. 4a were cut at the same cutting speed of 0.8 m/s but at two 
different values of chip thickness (i.e., chip loading), 0.06 and 0.25 µm, respectively. The channels 
machined with the larger chip thickness value in Fig. 4a are cleaner and sharper than the ones cut with a 
small chip thickness in Fig. 5b.  When a small chip thickness (0.08 µm) is used but the cutting speed is 
substantially increased, the burr formation tendency decreases.  This is shown by comparing Fig. 5a (at 
0.66 m/s) with Fig. 3b (at 4 m/s). Admittedly, these results were obtained with different tool diameters. 
Nevertheless, the importance of using larger values of chip thickness (or feed rate) and cutting speeds are 
clearly shown.  The best surface quality with respect to burr formation and edge sharpness are obtained 
when the cutting speed is close to the recommended value although the chip thickness is less than 
optimum.  This is shown in Fig. 4b (at 1.9 m/s, and 0.11 µm chip thickness) and Fig. 3a (at 2.4 m/s, and 
0.13 µm chip thickness). Further increase in cutting speed and decrease in chip thickness tend to produce 
a poor surface quality, perhaps due to excessive tool wear or built-up edge. 
     Besides burr formation, dimensional accuracy and precision are important attributes of any machining 
process.  The channel widths cut with tools larger than 125 µm were stable and wider than the tool 
diameter by 20 µm to 50 µm. As long as the variation is constant, it can be taken into consideration when 
the tool path is programmed. However, the channel widths cut the smaller tools increased with the 
rotational speed and were more than twice the tool diameter for some of the cuts. Given the OD tolerance 
of 12.5 µm as listed by the tool manufacturer, this is unacceptable. The dependence of the channel widths 
on rotational speed and the fact that a similar variation was not observed for larger diameter tools, suggest 
that this phenomena is related to dynamic run-out at the tool tip, which increase with speed.  
An important surface integrity attribute in micro-grinding of ceramics is the potential for machining 
damage that can reduce the strength of machined components. The mean strength values and the standard 
deviations for the samples ground with diamond tools at ultrahigh speeds are listed in Table 1.  The data 
show that machining of Mark II at 450,000 rpm did not significantly reduce the strength.  Statistical 
analysis confirmed that the strength of MGC-M was, in fact, higher for machined samples compared to 
the reference as received samples (p = 0.02).  This is often observed in strength testing since machining 
removes surface flaws such as microstructural inhomogenieties, small voids and cracks from processing. 
(a) (b) 
Fig. 5. SEM of grid patterns cut with the 50 µm end mill (axial depth of cut = 8µm, feed rate = 40 
mm/min) at different cutting speeds: (a) 250,000 rpm (0.66 m/s) and (b) 300,000 rpm (0.81 m/s). 
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It is therefore, concluded that machining of these dental materials at ultrahigh speeds does not generate 
strength reducing surface and subsurface microcracks. 
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Table 1. Strength of machined test bars compared with as processed 
reference samples.  
Material Surface Condition Mean Strength (MPa) 
Mark II Reference 104 ± 6 
Machined 106 ± 6 
DICOR MGC-M Reference 134 ± 22 
Machined 159 ± 29 
